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There is convincing evidence from 
recent human and animal studies 
that suggests the intestinal microbiota 
plays an important role in regulating 
immune responses associated with the 
development of allergic asthma, par- 
ticularly during early infancy. Although 
identifying the mechanistic link between 
host-microbe interactions in the gut and 
lung mucosal tissues has proved chal- 
lenging, several very recent studies are 
now providing significant insights. We 
have shown that administering vanco- 
mycin to mice early in life shifts resident 
gut flora and enhances future susceptibil- 
ity to allergic asthma. This effect was not 
observed in mice given another antibi- 
otic, streptomycin, nor when either anti- 
biotic was administered to adult mice. In 
this addendum, we further analyze the 
link between early life administration 
of vancomycin and future susceptibil- 
ity to asthma and describe how specific 
immune cell populations, which have 
been implicated in other asthma-related 
microbiota studies, are affected. We pro- 
pose that shifts in gut microbiota exac- 
erbate asthma-related immune responses 
when they occur shortly after birth and 
before weaning (perinatal period), and 
suggest that these effects may be medi- 
ated, at least in the case of vancomycin, 
by elevated serum IgE and reduced regu- 
latory T cell populations. 

Intestinal Microbiota Impact 
Allergic Asthma 

Allergic asthma rates have been steadily 
increasing in developed countries around 



the world.' The disparity between asthma 
rates in developing countries and industri- 
alized nations highlights the importance 
of environmental factors in this disease. 
Recent epidemiological data emphasize the 
significance of microbial exposures early 
in childhood and identify mode of birth 
delivery,^ farm habitation' and antibiotic 
use'''' as mitigating factors conferring pro- 
tection or increasing risk of asthma later in 
life. These studies underscore the impor- 
tance of the indigenous microbiota, and 
suggest that failure to establish a healthy 
gut flora early in life alters maturation of 
the immune system, promoting altered 
allergic responses in adulthood.'''^ 

Recent human studies have docu- 
mented differences in the gut flora of 
allergic and non-allergic infants,* and 
suggest that pre- and postnatal antibiotic 
exposures can increase the risk of allergic 
asthma.'''^ Likewise, in a murine model of 
allergic airways disease, germ-free mice 
exhibit more severe disease than conven- 
tionally housed controls, an effect that 
could be ameliorated by re-colonization 
with conventional flora.' A similar pheno- 
type has been observed in mice receiving 
antibiotics in their drinking water'" or an 
antibiotic/fungal microbiota combina- 
tion." Antibiotics create global changes 
in microbial communities, a characteristic 
which has made them incredibly useful as 
tools for studying how shifts in the micro- 
biota can affect different disease states.'" 
We recently showed that antibiotics alter 
the outcome of allergic asthma when 
administered at clinically relevant doses; 
vancomycin causes an exacerbated allergic 
response, whereas streptomycin does not 
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suggesting that microbial composition, 
and not simply bacterial numbers, can 
influence allergic sensitization.'^ 

Microbiota Composition During 
the Perinatal Period Affects 
Allergic Responses 

There is now substantial evidence in 
human and animal studies that gut colo- 
nization early in life plays an important 
role in guiding immune development 
and maintaining mucosal homeostasis 
throughout life.''' It has been hypothesized 
that there may be a "critical window" of 
time during which a developmental pro- 
gram is initiated, and if this program is 
disrupted by an altered pattern of micro- 
bial colonization (as a result of antibiotics, 
diet, mode and time of birth delivery or 
other environmental factors) the host may 
be predisposed to a number of chronic 
diseases initiated by aberrant mucosal 
immune responses." 

The importance of establishing healthy 
gut flora during the perinatal period has 
been confirmed repeatedly in a number of 
murine models of allergic asthma. Olszak 
et al.'* demonstrated that colonization of 
neonatal, but not adult germ-free mice, 
reduced the severity of lung inflamma- 
tion typically observed in germ-free mice. 
This attenuation coincided with decreased 
invariant natural killer T (iNKT) cell 
accumulation in gut and lung mucosa, 
suggesting that colonization early in life 
establishes mucosal iNKT cell tolerance 
that can impact immune responses at 
mucosal sites into adulthood. Similarly, 
our lab has shown that early life exposure 
to vancomycin enhances the severity of 
allergic asthma in mice, while the same 
antibiotic given during adulthood does 
not.'^ The antibiotic treatment regime 
compared the effects of continuous, life- 
long vancomycin administration (which 
we termed "neonatal exposure") to adult 
administration (from 7 weeks onward, 
which we termed "adult exposure"). 
Because our initial "neonatal" antibiotic 
regimen spanned several critical time 
points (prenatal, perinatal, after weaning), 
we have now further narrowed the win- 
dow of antibiotic administration to bet- 
ter pinpoint the discrete time points that 
most significantly affect disease outcome. 



To determine whether prenatal or 
perinatal vancomycin treatment results 
in exacerbated asthma to the same 
extent as lifelong vancomycin treat- 
ment in our previous study, we repeated 
asthma induction as before, but this time 
included a cohort of mice treated exclu- 
sively prenatally (throughout the 21 d of 
in utero development) or pre- and peri- 
natally (in utero and through the first 
three weeks of postnatal life up until 
weaning). Similar to our previous study 
with lifelong administration of vanco- 
mycin, ovalbumin (OVA) -challenge of 
mice treated perinatally with vancomycin 
led to increased total inflammatory cell 
infiltrates in the bronchoalveolar lavage 
(BAL) relative to the OVA-challenged 
controls (Fig. lA). Animals treated with 
vancomycin strictly prenatally (in utero) 
exhibited comparable disease to the con- 
trols. Although perinatal vancomycin 
treatment only moderately increased 
eosinophil numbers in the BAL com- 
pared with controls (Fig. IB) the bulk of 
the increase in BAL counts we observed 
appeared to be due to an increase in neu- 
trophil infiltrates (Fig. IC). Neutrophilia 
is typically observed in more severe, 
chronic forms of asthma.'^ Pathology 
scores for perinatally treated mice were 
intermediate between OVA-challenged 
controls and lifelong vancomycin-treated 
animals (Fig. ID). Together, these data 
suggest that the "critical window" for 
vancomycin-driven shifts in microbiota 
to alter immune homeostatic mecha- 
nisms to enhance future asthma suscep- 
tibility occurs between birth and 3 weeks 
of age. 

Mechanisms Linking Gut 
Microbes and Lung Inflammation: 
The Gut-Lung Axis 

Our study supports the existence of a 
common mucosal immune system, where 
mucosal tissues like the gut and lung func- 
tion as a system-wide organ,'* linked by 
immunological mechanisms that remain 
largely undefined. In elegant studies. Hill 
et al.'" have shown that mice treated with 
a cocktail of antibiotics have elevated IgE 
levels and higher numbers of circulating 
basophils in their blood compared with 
conventionally reared mice. These mice 



develop more severe airway inflamma- 
tion due to increased basophil-mediated 
Th2 responses. Mechanistically, their data 
suggest that intestinal bacteria downregu- 
late the level of IgE production by B cells 
through a MyD88-dependent pathway. 
In the absence of either these bacteria or 
a functional MyD88 signaling cascade in 
B cells, IgE production increases and 
is captured by the FceRI on basophil 
precursors in the bone marrow, lead- 
ing to the upregulation of IL-3 recep- 
tor subunit, CD123, which then drives 
basophilopoiesis. 

To determine whether a similar mech- 
anism drives vancomycin-induced exac- 
erbated asthma, we quantified serum 
IgE concentrations in control, perinatal 
vancomycin or lifelong vancomycin- 
treated animals under steady-state condi- 
tions. Serum IgE levels were significantly 
elevated in mice that had been treated 
perinatally or with lifelong vancomycin 
relative to untreated controls (Fig. 2A). 
Next, we quantified the number of cir- 
culating basophils in control, perinatal 
and lifelong vancomycin-treated ani- 
mals. Although antibiotic treatment did 
not alter the frequency of blood baso- 
phils (identified as non-B, non-T, GDI 17' 
CD49b* FceRIa*, Fig. 2B), basophils 
isolated from mice treated with lifelong 
vancomycin did exhibit increased levels 
of surface-bound IgE, and there was a 
similar increasing trend in the perinatally 
treated mice compared with control ani- 
mals (Fig. 2C and D). These data suggest 
that basophil-bound IgE may indeed be 
driving exacerbated airway inflammation 
in these vancomycin-treated animals. 

In another study, germ-free mice have 
been used to demonstrate that intestinal 
bacteria play a role in the epigenetic regu- 
lation of immune cells involved in aller- 
gic asthma. Olszak et al."^ have shown 
that early microbial colonization reduces 
methylation of the gene encoding chemo- 
kine ligand 16 (CXCL16), a chemokine 
required for iNKT cell homing to muco- 
sal tissues. In the absence of colonization, 
Cxcll6 is hypermethylated in mucosal 
tissues, leading to the accumulation of 
iNKT cell populations at mucosal sites 
and increasing host susceptibility to aller- 
gic inflammation."^ 



www.landesbioscience.com 



Gut IVlicrobes 



159 




PBS OVA OVA+ OVA+ OVA + 
/UVane PNVanc LLVanc 



Eosinophils 




PBS OVA 0VA+ 0VA+ 0VA + 
/UVane PNVanc LLVanc 



Neutrophils 




PBS OVA 0VA+ 0VA+ 0VA + 
/UVanc PNVanc LLVanc 



Pathology 



25-1 
20 J 

0) 15-^ 

° 

" 10^ 
5-^ 



PBS OVA OVA+ OVA+ OVA + 
lU Vane FN Vane LL Vane 




Figure 1. Vancomycin treatment In early life but not exclusively In utero exacerbates allergic asthma. (A) Total cellular Infiltrates from bronchoal- 
veolar lavage (BAL) of control or vancomycln-treated mice challenged with ovalbumin (OVA) or PBS. (B) Eosinophil and (C) neutrophil numbers In 
the BAL quantified by cytospln. (D) Total pathological scores and representative hematoxylin and eosin stained lung sections. Scale bar, 300 (jim. All 
assessments were made on day 26. The data are shown as means of 4-6 mice per group ± SEM. Statistics shown are based on comparisons to OVA- 
challenged controls. lU, In utero; PN, perinatal; LL, lifelong; Vane, vancomycin; BALE, bronchoalveolar lavage fluid. *p < 0.05, **p < 0.01, n.d. = none 
detected. 



To determine whether CXCL16, 
and thus iNKT ceUs, play a role in the 
enhanced disease susceptibility we observe 
in vancomycin-treated mice, we quanti- 
fied Cxcll6 expression levels in control, 
perinatal and lifelong vancomycin-treated 
mice. Interestingly, we found no differ- 
ences in colon or lung Cxcll6 levels in 
the antibiotic treated mice relative to the 
control animals (Fig. 3A and B). In fact, 
6^ expression tended to decrease after 
vancomycin treatment. Thus, the mecha- 
nism involved in vancomycin-induced 
exacerbated asthma does not appear to 
function through CXCL16 and iNKT 
cell-dependent mechanisms observed by 
others in germ free mice. 

Regulatory T cells (Tregs) may also be 
involved in mediating crosstalk at mucosal 
sites. Induction of immunological toler- 
ance is essential for the control of allergic 
asthma." Previously, we found colonic 



Tregs to be significantly reduced in mice 
treated with lifelong vancomycin but 
not streptomycin,'' suggesting that toler- 
ance mechanisms may be disrupted when 
specific microbial populations in the gut 
have been lost or altered. It has recently 
been suggested that specific members of 
the microbiota, such as Clostridium spe- 
cies, may be responsible for the induction 
of Tregs in rnice.^" In the absence of these 
bacteria IgE levels in the blood increased,"" 
and when members of Clostridia were 
added back, a reduction in allergic airway 
inflammation was observed."' Studies in 
humans reveal that atopic children have 
reduced Treg expression profiles^^ and 
mothers with lower cord blood Treg pop- 
ulations have elevated IgE levels.^' These 
data suggest that there may be a link 
between IgE levels and Treg populations 
in the blood, however the mechanism has 
not yet been clearly defined. 



To determine whether Treg numbers 
could be influenced by antibiotic treat- 
ment specifically during the perinatal 
period, we investigated whether mice 
treated perinatally with vancomycin had 
normal CD25*Foxp3* Treg populations. 
Interestingly, mice that received perinatal 
vancomycin had reduced Treg populations 
relative to control mice, much like those 
observed after lifelong vancomycin treat- 
ment (Fig. 4). Thus, our data support the 
notion that Tregs may be responsible for 
restraining aberrant allergic-type (Th2) 
inflammation in mucosal tissues. These 
data support the model proposed previ- 
ously by Josefowicz et al.,^^ who showed 
that mice deficient in Tregs (specifically 
inducible Tregs) spontaneously develop 
Th2-type pathologies at gut and lung 
mucosal sites. 

To avoid chronic inflammatory dis- 
orders like asthma, the host requires a 
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Figure 2. Vancomycin treatment elevates steady-state serum IgE levels and enhances expression of surface-bound IgE on circulating basophils. 
(A) Serum IgE from naive control or vancomycin-treated mice, as measured by ELISA. (B) Flow cytometric analysis of blood basophils from naive con- 
trol or vancomycin-treated mice. Basophils identified as CD3 CD4 CD8 B220 CD117 FcERIa+CD49b+ cells. (C) Surface-bound IgE levels on blood 
basophils from untreated control or vancomycin-treated mice, as determined by flow cytometry. (D) Representative histogram of surface-bound IgE 
on basophils from control and vancomycin-treated mice, as determined by flow cytometry. The data are shown as means of 4-5 mice per group ± 
SEIVl. Statistics shown are based on comparisons to untreated controls. PN, perinatal; LL, lifelong; Vane, vancomycin. *p < 0.05, **p < 0.01. 



system of tightly regulated homeostatic 
mechanisms to maintain optimal bal- 
ance between tolerogenic and Th2-type 
inflammatory responses. Recently pub- 
lished data suggests that if this balance 
is disrupted early in life by environmen- 
tal insults and shifting microbial popu- 
lations, aberrant immune responses to 
innocuous antigens run rampant, initi- 
ating cascades of allergy-related patholo- 
gies. It has recently been established that 
mucosal B cells residing in gut-associated 
lymphoid tissue can control Treg sup- 
pression of Th2 cell responses. Tregs 
induced by these B cells were capable of 
alleviating symptoms of allergic asthma.^' 
Perhaps, in the presence of a healthy 
microbiota, mucosal B cells promote 
Treg induction in a MyD88-dependent 
manner. Correspondingly, in the pres- 
ence of an altered or absent microbiota, 
B cell-intrinsic programming is altered. 



resulting in excessive secretion of IgE 
and uncontrolled production of allergic 
mediators like basophils and Th2 inflam- 
matory responses at the site of allergen 
exposure. 

Alternatively, rather than changing the 
abundance of particular immune cell lin- 
eages, antibiotic treatment could change 
the phenotypic behavior of immune cell 
populations. There is evidence that Treg 
cells have phenotypic plasticity in different 
inflammatory environments. Respiratory 
syncytial virus (RSV) infection early in 
life has been shown to promote an inflam- 
matory milieu in the lung, which caused 
local Tregs to lose their suppressive capac- 
ity, rendering the host more susceptible 
to allergic asthma later in life.^^ It will be 
interesting to investigate whether Tregs 
in the gut or lung of mice treated with 
vancomycin express Th2-type inflam- 
matory markers like GATA3 or IL-13 as 



demonstrated by Krishnamoorthy et al. in 
the RSV infection model. 

What About the Lung Microbiota? 

While many asthma studies have focused 
on contributions made by intestinal bac- 
teria, there is new evidence suggesting 
that the airway microbiome may also play 
a role in allergic asthma. This war- 
rants investigating whether the inflam- 
mation associated with vancomycin 
treatment could be the result of a change 
in the local lung environment rather than 
in the gut. Naik et al.^' suggest that in 
the context of skin, there is little influence 
from mucosal tissues like the gut. They 
show that while oral vancomycin signifi- 
cantly altered gut flora, it had no effect on 
the skin microbiota or cutaneous immune 
homeostasis."' Vancomycin is poorly 
absorbed when given orally,^" which is 
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Figure 3. Vancomycin treatment has no effect on CxclW transcript levels. (A) Cxcll6 expression in colon and (B) lung tissue samples harvested from 
age matched naive control and vancomycin-treated mice. The data are shown as means of 4-5 mice per group ± SEM. Statistics shown are based on 
comparisons to untreated controls. PN, perinatal; LL, lifelong; Vane, vancomycin. 



one of the reasons why we chose to use 
it in our studies, so the fact that it had 
no effect on the skin microbiota is not 
surprising. This is relevant to our work 
because it suggests that (1) vancomycin 
has no effect on the skin, and this may 
also be true of airway microbiota, and 
(2) perhaps skin is a more immunologi- 
cally distinct organ and is less influenced 
by external signals from the gut than 
the lung, which could be more closely 
linked by common inter-mucosal traffic. 
Regardless, knowing that skin immunity 
is shaped by resident bacteria in the local 
environment and not directly influenced 
gut microbes could direct our research 
in new ways, perhaps shifting the focus 
toward the immunological impact of 
microbes residing in the airways. 

Until recently, the lung was believed 
to be a sterile environment, devoid of 
bacteria. With more sensitive sequencing 
methods becoming the norm, sparsely 
populated communities like those in 
the lung are easier to study. To investi- 
gate whether we could isolate any airway 
microbiota, we analyzed cell-free super- 
natants from murine BAL fluid. Despite 
our best efforts, we were unable to consis- 
tently amplify bacterial DNA from any of 
the treatment groups, thus we could not 
detect any vancomycin-induced effects on 
the lung microbiota. We also attempted 
to culture airway bacteria by plating BAL 
as well as lung homogenates incubated 
both aerobically and anaerobically, but 
obtained no growth in either condition. 
Perhaps alterations to our media could 
be made to better support growth of lung 



microbiota. We may need to further adapt 
our PGR protocol in order to detect a 
less abundant community of microbes; 
however, at face value, the small amount 
of bacteria detected in the lung begs the 
question of whether true colonization 
occurs in the healthy mouse lung. 

Existing Challenges 
and New Insights 

Despite the many challenges presented by 
the complex etiology of asthma, significant 
progress has been made in recent years to 
understand the environmental factors 
involved in disease development, with par- 
ticular emphasis on the role of intestinal 
bacteria. We are beginning to understand 
the importance of colonization early in life 
and that altering microbial exposures dur- 
ing the perinatal period may promote dys- 
regulated immune responses for a lifetime. 
It has been hypothesized that mucosal tis- 
sues like the gut and lung may function as 
a system-wide organ; however, we are only 
now beginning to understand the complex 
cellular and molecular mechanisms that 
mediate these interactions. 

Methods 

Mice. C57BL/6J mice (Jackson 
Laboratories) were bred and maintained 
in a specific pathogen-free facility at The 
Biomedical Research Center. All experi- 
ments were in accordance with the UBC 
Animal Care Committee guidelines. 

Antibiotic treatment. C57BL/6J 
breeding pairs were given vancomycin 



(Sigma-Aldrich) at 200 mg/1 in drink- 
ing water. In utero vancomycin-treated 
mice: breeding pairs were administered 
antibiotic-treated water for the duration of 
the pregnancy. When the pups were born, 
antibiotic-treated water was removed and 
replaced with regular water. Perinatal van- 
comycin-treated mice: breeding pairs were 
administered antibiotic-treated water for 
the duration of the pregnancy, and pups 
born from respective breeding pairs were 
reared on antibiotic-treated water until 
they were weaned (three weeks old). Once 
weaned, the pups were administered regu- 
lar water. Lifelong vancomycin-treated 
mice: pups born from respective breed- 
ing pairs were reared on antibiotic-treated 
water with their littermates for the dura- 
tion of the experiment. 

Ovalbumin model of allergic asthma. 
Asthma was induced as previously 
described. 

Histology. Lungs were collected, sec- 
tioned, stained and scored as previously 
described." 

Determination of serum IgE. Total 
IgE in serum was measured by ELISA 
(BD Biosciences). 

Isolation of immune cells and flow 
cytometry. Basophils were isolated from 
peripheral blood of 7-week-old narve mice. 
Cells were stained with fluorochrome- 
conjugated antibodies against CD3, 
CD4, CDS, B220, CD117, FceRIod and 
CD49b (BD Biosciences). Flow cytom- 
etry was performed using an LSR II (BD 
Biosciences) and data were analyzed with 
Flowjo 8.7 software (TreeStar). Colon 
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Figure 4. Perinatal vancomycin treatment reduces Treg accumulation in the colon. At 7 weeks of 
age, the percentage of CD25*Foxp3+ cells within the CD45+CD4+ cell population in the colon of 
naive mice left untreated or treated with vancomycin was analyzed. The data shown are means of 
four mice per group ± SEM. Statistics shown are based on comparisons to untreated controls. PN, 
perinatal; LL, lifelong; Vane, vancomycin. *p < 0.05. 



cells were isolated and analyzed by flow 
cytometry as previously described.'^ 

Quantification of Cxcll6. RNA sam- 
ples were prepared using an RNeasy Mini 
Kit and cDNA was synthesized using the 
Quantitect RT Kit (both Qiagen). Real- 
time RT-PCR was performed using a 
SYBR Green I Master Mix (Roche) and 
a 7500 Fast Real-Time System (Applied 
Biosystems). Values were normalized to 
the expression of GAPDH for each sam- 
ple. We used the same Cxcll6 primer sets 
as Olszak et al."" 

Statistics. Differences between control 
and experimental groups were compared 
using Kruskal-Wallis one-way analysis of 
variance (ANOVA) to calculate statistical 
significance (GraphPad Prism software). 

Summary 

In this study, we used the antibiotic van- 
comycin as a tool to induce defined shifts 
in the intestinal microbiota and model an 
altered colonization state in early life. We 
have demonstrated a microbiota-driven, 
specific increase in susceptibility to exper- 
imental murine allergic asthma and have 
provided data that suggests these effects 
are mediated by increases in IgE as well 
as decreases in a regulatory T cell subset. 
Although the mechanisms involved in van- 
comycin-mediated exacerbation of murine 
allergic asthma remain to be directly 
elucidated, the data presented in this 
addendum provide new insights and offer 
avenues for future work. This new knowl- 
edge has extended our understanding of 



asthma development and could provide 
the framework for novel therapeutic or 
preventative approaches in the future. 
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